Abstract. While a lot of attention has been given to the numerical implementation of grounding lines and basal friction in the grounding zone, little has been done about the impact of the numerical treatment of ocean-induced basal melting in this region. Several strategies are currently being employed in the ice sheet modeling community, and the resulting grounding line dynamics may differ strongly, which ultimately adds significant uncertainty to the projected contribution of marine ice sheets to sea level rise. We investigate here several implementations of basal melt parameterization on partially floating elements in 5 a finite element framework, based on the Marine Ice Sheet-Ocean Model Intercomparison Project (MISOMIP) setup: (1) melt applied only to entirely floating elements, (2) melt applied over the entire elements that are crossed by the grounding line, and (3) melt integrated partially over the floating portion of a finite element using two different sub-element integration methods.
2 km) in the grounding zone are required to accurately capture the behavior of the grounding line (Pattyn et al., 2012 (Pattyn et al., , 2013 .
New sub-element parameterizations of grounding line position and the representation of basal friction in partially floating elements showed promising results for both flow band and plan view models (Pattyn et al., 2006; Gladstone et al., 2010; Seroussi et al., 2014a; Feldmann et al., 2014) , as they relaxed the mesh resolution requirements in this region. These studies, however, are all based on ideal geometries and completely ignored basal melt under floating ice (i.e., no melt is applied under floating 5 ice). In reality, melt can be strong, especially in the vicinity of the grounding line, where it can reach ∼100 m/yr (Dutrieux et al., 2013; Rignot et al., 2013; Berger et al., 2017) . Several studies have showed that for the same melt parameterization, the choice of numerical implementation of melt has a strong impact on model results for both projections of the West Antarctic Ice Sheet (Cornford et al., 2016; Arthern and Williams, 2017) and idealized glaciers (Gladstone et al., 2017) . This problem has however not been fully investigated or quantified yet, and it remains unclear what parameterizations should be employed in 10 partially floating elements.
We investigate these questions here by using different numerical implementations of basal melting in partially floating elements and two friction laws on a setup similar to the Marine Ice Sheet-Ocean Model Intercomparison Project (MISOMIP) (Asay-Davis et al., 2016) . We first summarize the model setup and detail the four different parameterizations of basal melt in elements partially floating and partially grounded. We then describe the experiments used to test these parameterizations. We 15 present the results, discuss their impact on the modeling of grounding line evolution and conclude on the relevance of using sub-element parameterizations of ocean-induced melt under ice shelves.
Model
We use the Ice Sheet System Model (ISSM, Larour et al., 2012) to simulate the ice flow of an idealized case representative of outlet glaciers in West Antarctica (Asay-Davis et al., 2016) . The model setup is identical to the one described in Asay- The experiments simulate a glacier in a marine terminating confined valley, with a bedrock lying between -720 and 350 m as shown in Fig. 1a . The accumulation is uniform over the domain and set to 0.3 m/yr. Basal melting is applied under floating ice, with a different magnitude depending on the experiments. The model domain extends between 0 and 640 km, and between 0 25 and 80 km in the x and y direction, respectively. Boundary conditions are a no slip condition at x = 0 km, a free-slip condition at y = 0 and y = 80 km, and a fixed ice front at x = 640 km. This domain is discretized using a triangular mesh with resolutions of 2 km, 1 km, 500 m, 250 m, and 125 m resulting in meshes with a number of elements varying from 28,000 to 1,745,000. All mesh resolutions are spatially uniform, except in the case of the 125 m resolution mesh for which the model resolution is 125 m only in the portion of the domain located between x = 300 km and x = 600 km (i.e. where we expect to see the grounding 30 line), the resolution is otherwise 1 km for x < 200 km, and 500 m for the rest of the domain.
The two-dimensional Shelfy-Stream Approximation (MacAyeal, 1989 ) is used as an approximation of the full-Stokes equations to solve the stress balance equations and the grounding line position is determined assuming hydrostatic equilibrium. The 2 ice rheology is spatially uniform in the domain and follows Glen's flow law with a rate factor, A, equal to 2.0 × 10 −17 Pa −3 yr −1 , equivalent to an ice temperature of about -9
• C. We test here two different friction laws. The first one is a power sliding law, following Weertman (1957):
with τ b the basal stress, u b the basal velocity vector, m = 3 and β 2 the friction coefficient uniform in space and equal to 1.0 × 5 10 4 Pa m −1/3 yr 1/3 . This friction law induces a sharp discontinuity in basal friction at the grounding line that is not realistic and not appropriate for problems investigating grounding line evolution, but remains nevertheless widely used in the community (Brondex et al., 2017) .
The second sliding law is a modified power law designed to prevent the basal traction to exceed a fraction of the effective pressure, proposed by Tsai et al. (2015) :
with α 2 = 0.5 and N the effective pressure at the ice base, assuming a perfect connectivity of the subglacial hydrologic system with the ocean.
The representation of basal friction at the grounding line is the same in all experiments, and follows the SEP2 parameterization of Seroussi et al. (2014a) . It has been shown that this parameterization is satisfactory to capture grounding line dynamics,
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as it converges faster to the solution as the mesh resolution increases compared to other methods.
In this study, we use the same methodology as Seroussi et al. (2014a) , but apply it to sub-element melting parameterizations in elements partially floating and partially grounded. Fig. 2 shows the four different parameterizations adopted in this study. In 3 
Experiments
We first run every configuration to a steady-state ice stream without any melt. The initial ice thickness is equal to 1 m and the ice stream grows over several tens of thousands of years (at least 50,000 years) in response to surface mass balance accumulation, while no basal melting is applied under floating ice. This steady-state is therefore independent of the sub-element basal melt parameterization applied. Convergence of the solution to the steady-state is discussed in the analysis of Experiment 0 in section 
with Ω a coefficient equal to 0.2 yr −1 , H c the water column thickness, z d the ice shelf basal elevation, z 0 the depth above 15 which the melt rate is equal to zero (100 m), and H c0 a constant equal to 75 m (see also equations (12)- (17) Experiment 2 is based on a basal melt under floating ice that varies linearly with depth, with a maximum melt magnitude of 30 m/yr in the deepest part, where the ice base is at or below 500 m below sea level, and that linearly decreases to 0 m/yr melt for ice base equal to 50 m below sea level. There is therefore no melt when the ice base is above 50 m below sea level:
with z d the ice shelf basal elevation. This experiment simulates ice shelves resting in warm waters, similarly to what has been observed in the Amundsen or Bellingshausen sea areas (e.g. Dutrieux et al., 2013; Rignot et al., 2013) and used in previous modeling experiments (e.g. Favier et al., 2014; Joughin et al., 2014; Seroussi et al., 2014b Seroussi et al., , 2017 .
Experiments 0, 1 and 2 are all run for 100 years. We use the following convention to refer to the different experiments.
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For the steady-state (SS) and Experiment 0, names are as follows: EXP_sliding_resolution, where EXP is the number of the experiment (SS or EXP0), the sliding refers to the sliding law (Weertman or Tsai), and 'resolution' is the mesh resolution (2 km, 1 km, 500 m, 250 m, or 125 m), e.g., EXP0_Weertman_250m. For Experiment 1 and Experiment 2, the names are similar: EXP_sliding_resolution_SEM, except that we add SEM, the sub-element melt parameterization at the grounding line (NMP, FMP, SEM1 or SEM2), e.g., EXP1_Weertman_250m_SEM1, as the results of these simulations now depend on the sub-element melt parameterization adopted. Figure 1 shows the initial steady-state configuration for SS_Weertman_125m. Its geometry is shown in Fig. 1a , and the velocity and grounding line in Fig. 1b . The grounding line position varies between 458 km in the centerline of the glacier and 528 km on 5 its sides; the ice velocity is maximum at the ice front, reaching 1012 m/yr. This configuration is comparable to previous results based on the same geometry (Gudmundsson et al., 2012; Gudmundsson, 2013; Asay-Davis et al., 2016) . The mesh resolution and the type of basal sliding law both impact the grounding line position as shown in Fig. 3 . The grounding line position on the glacier centerline varies between 438 km for SS_Tsai_2km and 458 km for SS_Weertman_125m, with a larger spread between the different resolutions for the Tsai friction law (9.6 km) than for the Weertman friction law (6.2 km) ( Fig. 3 and Tab. 1).
Results
Experiment 0 is mostly designed to ensure that the model has reached a steady-state, as no melt is applied, similar to the initial steady-state. The ice mass above floatation (Fig. 4a) remains constant over the 100-year simulation for the 10 configurations, while the grounded ice area ( is 1.02% and 1.05%, and the difference in grounded area is 0.61% and 0.62% respectively for the Weertman and Tsai friction laws. Differences between models at 500 m, 250 m, and 125 m resolution are all well below 1% (the curves for SS_Tsai_125m and SS_Tsai_250m are superimposed on Fig. 4) . By comparison, the difference in volume above floatation and grounded area between the two friction laws at 125 m resolution is respectively of 3.9% and 1.6%. Experiment 1 simulates the evolution of the glacier when ocean induced melt is applied under floating ice. The equation that governs the melt rate in this experiment provides limited melt close to the grounding line, as the water column thickness becomes smaller (see Eq. 3). Figure 5 shows the evolution of the ice volume above floatation for this experiment for the different sub-element melt parameterizations, mesh resolutions and the two friction laws. The volume above floatation lost (see also In Experiment 2, a large ice shelf melt rate of up to 30 m/yr is applied under the ice shelf, including close to the grounding line. Figure 6 and Table   compared to the EXP2_Tsai_125m_NMP. The difference in ice loss after 100 years between EXP2_Tsai_2km_FMP and the EXP2_Tsai_125m_FMP and between EXP2_Tsai_2km_SEM1 and EXP2_Tsai_125m_SEM1 is respectively reduced by 1000 and 800 Gt. During this experiment, the grounding line retreat in the centerline of the glacier varies between 33 and 63 km depending on the mesh resolution and the melt parameterization for the Weertman sliding law, and between 42 and 75 km for the Tsai sliding law, with larger retreats for the FMP, SMP1 and SMP2 at coarse resolution, and smaller retreats for NMP and 5 FMP, SMP1 and SMP2 at fine resolution.
Discussion
The results presented in this study show that the impact of sub-element melt parameterization and mesh resolution is different for the Weertman and Tsai friction laws. Models relying on Weertman sliding laws are more sensitive to the mesh resolution and the type of sub-element melt parameterization than when a Tsai sliding law is employed. These conclusions are in agreement with NMP and FMP can be as large as about 50% for 2 km mesh resolution (see Fig. 6 ). This difference is reduced as the mesh resolution increases, but remains larger than 10% even at 125 m resolution (see Fig.6 ) for large melt rates. Using the FMP never produces the best convergence of results and overestimates the mass loss by a factor of two in several cases, it should therefore be avoided. NMP shows the least dependence on mesh resolution, except for small melt rates close to the grounding 25 line and a Tsai friction law ( Fig. 7 and 8 ).
To explain this behavior, one needs to look at the numerical implementation of the equations that are affected by melt. The ocean induced melt is only present as a right-hand side term in the mass transport equation:
where H is the ice thickness,v is the depth average ice velocity,ȧ is the surface mass balance. With the finite element method,
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H is assumed to be a sum of nodal functions, and integrating basal melt, m i , over partially floating elements will lead to a thinning at the grounded nodes of these elements that is inherent to the finite element method. In other words, applying melt in partially floating elements will induce a thinning upstream of the grounding line that is purely numerical, and the grounding line retreat will therefore be systematically overestimated. Using the no melt parameterization, no numerical thinning is applied to the grounded nodes of partially floating elements. Additional experiments, not shown here, confirm that even with a perfectly static marine ice sheet system (i.e., v = 0 at all time), the grounding line will artificially retreat, except for the NMP, which confirms that it is the numerically correct way of treating basal melting in partially floating elements or cells, regarless of the 5 numerical method adopted.
Unlike what has been recommended for sub-element parameterizations of basal friction at the grounding line (e.g., Pattyn et al., 2006; Vieli and Payne, 2005; Feldmann et al., 2014; Seroussi et al., 2014a) , using a sub-element melt parameterization does therefore not guarantee an improvement compared to simulations that do not include such implementations, and does not necessarily relax the requirements of mesh resolutions. This is especially true when large melt rates are applied in the vicinity 10 of the grounding line and for the Weertman sliding law. Many simulations in the Amundsen Sea Sector of West Antarctica (e.g. Favier et al., 2014; Joughin et al., 2014; Seroussi et al., 2014b ) applied large melt rates in this region, consistently with observations (Dutrieux et al., 2013) . A previous model study performed with NMP and SEM1 on this region showed extreme differences even over 100 years, and a potential collapse of Thwaites Glacier in less than 100 years for large melt rate scenarios (Arthern and Williams, 2017) . Our study sheds light on this problem, as the SEM1 was probably under-resolved, leading to an that convergence was even worse in the case of grounding line advance. Convergence tests are even more critical to perform in such a case.
Grounding lines are constantly migrating, not only on long time scales due to changes in oceanic or atmospheric conditions, but also over short time scales with tides (e.g. Gudmundsson, 2007; Le Meur et al., 2014; Padman et al., 2018) . Observations show that melting in the grounding zones is complex and tidal motion probably involves complex melt rate patterns changing 5 on tidal time scales as grounding line advances and retreats, and tidal flexure pumps ocean water in the grounding zone (Walker et al., 2013) . This process could lead to more complicated patterns than the ones used in this study, assuming that the ice shelf is in hydrostatic equilibrium. However, such processes remain poorly understood, additional studies are required to better evaluate them, and should not be used as a justification for numerical model inaccuracy.
All the simulations performed in this study are based on the two-dimensional SSA. We expect, however, the results to be qualitatively similar for other stress balance approximations that determine the grounding line position based on the hydrostatic equilibrium, as melt rates in partially floating elements are treated in a similar way regardless of the stress balance approxima- lower changes in these cases, as previous studies showed that SSA models tend to respond more quickly than models including vertical shear (Pattyn et al., 2013; Pattyn and Durand, 2013) .
Conclusions
In this study we investigate the impact of the numerical implementation of ice shelf melt rates immediately downstream of the grounding line. We compare several sub-element parameterizations that (1) do not apply any melt over partially floating 20 elements, (2) apply basal melt over the entire partially floating elements, or (3) apply some melt over partially floating elements.
Simulations are performed with different mesh resolutions for two experiments with small and large melt rates close to the grounding line, and for a Weertman and a Tsai sliding laws. Our results demonstrate that, for limited melt rates in the order of 1 m/yr close to the grounding line, all sub-element melt parameterizations behave similarly for resolutions lower than 1 km and 500 m respectively for the Tsai and Weertman friction laws. For large melt rates in the order of 30 m/yr just downstream of the 25 grounding line, however, models based on varying resolutions and sub-element melt rates behave differently. Both (2) and (3) overestimate the mass loss and resolutions well below 500 m are needed, while (1) shows a behavior that is less dependent on the mesh resolution. These results were performed using the finite element method, but can be extrapolated to other numerical methods, such as the finite element and finite volume methods. As continental scale simulations of Antarctica typically use resolutions of several kilometers in the grounding line region, we therefore recommend models not to apply ice shelf melt rates 30 in partially floating elements and to carefully assess the impact of mesh resolution on their simulation results.
